Abstract. Total rainfall accumulation, as well as convective and stratiform rainfall rate data from the Tropical Rainfall Measuring Mission (TRMM) satellite sensors have been used to derive the thunderstorm ratio and one-minute rainfall rates, R 0.01 , for 57 stations in Malaysia for exceedance probabilities of 0.001-1 % for an average year, for the period 1998-2010. The results of the rain accumulations from the TRMM satellite were validated with the data collected from different ground data sources from the National Oceanic and Atmospheric Administration (NOAA) global summary of the day , Global Precipitation Climatology Centre (GPCC) (1986 ( -2010 ( ), and NASA (1950. The correlation coefficient and the average bias error between TRMM and GPCC for Malaysia were found to be 0.79-0.89 and ±50 mm, respectively. The deduced one-minute rainfall rates correlated fairly well with those obtained from the previous work carried out in Malaysia, with correlation coefficients of 0.7 in all the 57 locations. The inferred mean annual oneminute rainfall rates were found to be highest in the eastern Malaysia, with values between 84.7 and 153.9 mm h −1 for 0.01 % exceedance, and in western Malaysia with values between 81.8 and 143.8 mm h −1 . The present results will be useful for satellite rain attenuation modeling in tropical and subtropical stations around the world.
Introduction
There is the need for reliable rainfall rate data for planning and designing of satellite communications systems, management of water resources, agricultural purpose, and flooding, as well as to assess the impact of climate change. Rain gauge measurement networks are not as dense or evenly spaced in Malaysia as in other countries, such as the USA, Europe, and Japan. Therefore, satellite observation of rainfall networks may be the best solution for adequate temporal and spatial coverage of rainfall. Satellite-based precipitation data can provide very high temporal (3-hourly) and spatial (0.25 • latitude by 0.25 • longitude grid size) resolutions. Nevertheless, the measurement approach will always lead to a bias in the data (not necessarily large mean error) as well as a random variation of the mean (the stochastic error), and needs to be adjusted to in situ observations (Barrett et al., 1994; Huffman, 1997; Rudolf et al., 1994; Tanvir et al., 2012; Ojo and Omotosho, 2013) . In essence, ground-truth data are needed to calibrate space-borne sensors. Satellites have biases and random errors that are caused by factors, such as the sampling frequency, diurnal cycle of rainfall, non-uniform field of view of sensors, and uncertainties in the rain retrieval algorithms (Bell et al., 1990; Kousky, 1980; Kummerow, 1998; Anagnostou et al., 1999a, b; Chiu et al., 1990 Chiu et al., , 1999 Chang and Chiu, 1999) . In general, although rain gauge observations yield relatively accurate point measurements of precipitation, they also suffer from sampling error when representing areal means. They are not available over most oceanic and undeveloped land areas Arkin, 1995, 1996;  Published by Copernicus Publications on behalf of the European Geosciences Union. Omotosho and Oluwafemi, 2009 ). The Tropical Rainfall Measuring Mission (TRMM), an American-Japanese earth satellite observation mission (launched in November 1997 and placed at an altitude of 350 km), was established to provide a better understanding of the precipitation structure and heating in the tropical regions of the earth (Simpson et al., 1996) . Operating in a non-sun-synchronous orbit, it has an orbital period of 91 min, making 16 orbits per day, to provide a good coverage of the tropics. TRMM's onboard instruments include the Precipitation Radar (PR), Microwave Imager (TMI), Visible and Infrared Scanner (VIRS), Cloud and Earth's Radiant Energy System, and Lightning Imaging Sensor. Of these, probably the most prominent is the PR. At the launching stage, TRMM PR was the first space-borne radar that was designed to capture a more comprehensive structure of rainfall than any of the earlier space-borne sensors. It has been producing 3-D rainfall data from space in a manner unprecedented by any previous scientific spacecraft. Today, the TRMM project has about 12 Ground Validation (GV) sites around the world to support its satellite-derived products. The main objective of this paper is to report one-minute rainfall rates (for exceedance probabilities of 0.001-1 % of an average year) derived from 13 yr data from the TRMM satellite, for use in predicting the impact of rain on radiowave signals on earth-space paths in Malaysia, and to compare these with in situ ground data, the one predicted by International Telecommunication Union Radiowave propagation databases (ITU_RP) and other works done for western Malaysia from 1993 to 2009. Two TRMM satellite data sets (from 1998 to 2010) were used to retrieve convective and stratiform rainfall accumulation to compute thunderstorm ratio over some 57 locations in Malaysia (TRMM, 2013a). These were validated with long-term (ground) rainfall data retrieved from the National Oceanic and Atmospheric Administration (NOAA) website.
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Data source (rainfall archives)
Data for 10 stations out of the 57 locations were obtained from 1949 to 2010. Figure 1 shows the map of Malaysia, and Table 1 lists the names of the 57 locations and asterisks show the 11 stations with long-term (60 yr) ground data. The TRMM data from TRMM website (2013a) were used. They included:
a. Monthly TMI rain product (3A12 V6) containing surface, convective, and stratiform rain rates in mm h −1 at 0.5 • latitude (≈ 50 km) by 0.5 • longitude (≈ 50 km) grid size. As it applies to TRMM satellite, stratiform rain is a widespread continuous precipitation produced by large-scale ascent due to frontal or topographic lifting or large-scale horizontal air convergence caused by other means, while convective rain is a localized, rapidly changing, showery precipitation produced by cumulus-scale convection in an unstable air. The third type comprises all rains that are not included in these two categories.
When bright bands do exist, the rain is classified stratiform. When bright bands do not exist, but any value of reflectivity Z along the range exceeds a predetermined value, the rain is classified as convective. When the bright bands do not exist and all the values of Z along the range are less than the predetermined value, then the rain is classified as others (Nirala and Cracknell, 2002) .
b. Monthly TRMM and other satellite data sources. Rainfall estimate (3B43 V6) is one of the operational products of TRMM based on rain gauge measurements and satellite estimates of rainfall. The algorithm was developed by the TRMM science team, and the data were processed by the TRMM science data and information system. The gridded estimates are on a temporal resolution of 0.5 • latitude by 0.5 • longitude spacing. The combined data set is based on the concepts developed earlier (Huffman et al., 1995) . The TRMM best estimates method is a combination of data from the TMI, PR, and VIRS with SSM/I, IR, and rain gauge data.
c. A number of other Level 3 climate rainfall products for the period from December of 1997 through the present are produced from data collected by the Tropical Rainfall Measuring Mission (TRMM) satellite. They are 3A25, 3A11, 3B31,3B42, 3G68 and 3G68 Land; for more information about the use of these products see the reference (TRMM website 2, 2013b). 
Validation of TRMM data with the measured ground data
Rain accumulation data from Global Summary of the Day, NOAA (1949 -2010 for 11 stations and GPCC data for 57 locations were collected for the validation of TRMM data. The TRMM satellite started its mission on 27 November 1997, therefore NOAA and GPCC data from January 1998 to December 2010 were used to validate the accuracy of the TRMM satellite data with the rain-gauge data in Malaysia; Table 1 shows the list of the stations. Figure 2 show the maps of GPCC rain accumulation compared with the 3B43 data for Malaysia. Figure 3a shows the average monthly rain accumulation (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) between ground data GPCC and TRMM 3B43 satellite data. The two data agree well between June and October; Figure 3a was retrieved from TRMM online Analysis and Visualization System (TOVAS) website of NASA, USA. Figure 3b shows the average monthly percentage error (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) between ground data GPCC and TRMM 3B43 satellite data for lat 1 to 7 • N. The formula used for the biases between the two data set is given by
According to this formula, negative percentage error means are overestimated by TRMM 3B43, while positive percentage error means are underestimated by TRMM 3B43. The monthly GPCC ground data agree well with TRMM 3B43 data for lat 1-4 • N with bias errors between −3.9 and +13.6 % from January to December. The monthly bias error was large for lat 5-7 • N, with values between −14 and +52.8 %, the highest percentage error (underestimation by TRMM 3B43) occurred between January and March (+22 to +52.8 %). The minimum monthly biases for all latitude was between April and October (−14.0 to +16.1 %), during the southwest monsoon season. The percentage errors between ground data and satellite data (−14 to +52 %) are expected because we are using ≈ 50 km by 50 km TRMM satellite grid average rainfall product compared with ground data, which is just for a single point rain gauge. The two major seasons in Malaysia are north monsoon that blows from the South China Sea during October to March, and southwest monsoon, blowing from the Straits of Malacca during the months of April to September. Table 3 presents the seasonal rainfall accumulation and seasonal biases of TRMM satellite data with GPCC ground data for each of the 57 locations used in this study. Figure 4 presents the seasonal biases of the TRMM data with increasing latitude (1-7 • N) over the whole of Malaysia. The seasonal bias error is given by
Biases for all seasons was minimum for lat 1-4 • N (−34 to +4 mm). Seasonally TRMM biases were minimum for all the latitudes in June, July, and August (JJA), with values from −10.8 to +12.1 mm. A previous work on TRMM 3B43 V6 rainfall accumulation (Adeyewa and Nakamura, 2003; Omotosho and Oluwafemi, 2009 ) have shown similar biases for some tropical locations between January and March. With this fact, it can be considered that the TRMM 3B43 rainfall accumulation is suitable for the estimation of one-minute rainfall rate for the purpose of satellite communication in Malaysia. 
Selection of a suitable rain rate prediction model and data processing
Owing to lack of high-temporal-resolution data in eastern Malaysia (EM) and western Malaysia (WM), the approach selected to calculate one-minute point rain rate for the 57 locations was to use complementary cumulative distribution function using prediction models. Long-term data, such as monthly accumulation, average yearly accumulation, thunderstorm ratio, etc., accepted as input to various models, have been proposed for the prediction of one-minute point rain rate cumulative distribution, based on long-term data, such as those of Rice and Holmberg (1973) , Tattelman and Mazzella (1995) , Chieko and Yoshio (2002) . In the modeling for tropical regions, Moupfouma and Martin (1993) proposed a distribution function that has been tested by Ajayi (1996) in Nigeria as well as Chebil and Rahman (1999) and Mandeep and Syed (2004) in Malaysia. More recently, Emiliani et al. (2009) found that the model developed by Chieko and Yoshio (2002) gives the best prediction accuracy among all the current models and is suitable for worldwide application, especially for small percentage of time (0.001-1 %), which is important for radio system design. This is because it incorporates the thunderstorm ratio, β, as a meteorological input. Therefore, the Chieko and Yoshio (2002) model was used to estimate the one-minute point rain rate for Malaysia. For ease of data analyses in this work, the 57 stations in Fig. 1 were divided into two distinct regions, namely, WM and EM. For each of the 57 stations, the thunderstorm ratio β was calculated using the TRMM satellite convective and stratiform rain rate accumulation data (3A12) from TRMM Microwave Imager sensor. The model divided the rainfall into two types to permit the prediction of rainfall rate statistic from the total rainfall accumulation measured in an average year. The two types were termed as mode 1 rain (M1) and mode 2 rain (M2). M1 contained the high rainfall rates associated with strong convective activity and thunderstorms. M2 was simply everything else. Thus, the total average rainfall accumulation M can be calculated as
The ratio of thunderstorm rain accumulation to the total rainfall accumulation can be given as
the Chieko and Yoshio (2002) model for arbitrary percentage of time P (%) and R p (mm h −1 ) can be estimated by using only the average annual total rainfall and the thunderstorm ratio. The model is given by Eqs. (4)-(7) using coefficients a p , b p , c p with x = log(p). These equations were determined by multiple regression analyses of a databank of rain attenuation on satellite links of 290 data sets from 84 locations in 30 countries, and a databank of different integration time rain rates, which contains data sets from 54 locations in 23 countries.
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For the computation of the derived one-minute rainfall rates, a program named Rain rate was developed in Matlab, which can be considered as a function in Microsoft Excel, taking into consideration the three major input parameters, namely, the annual rainfall accumulation M in mm, thunderstorm ratio β, and percentage of time unavailability P in % (Omotosho, 2010). Table 2 presents the annual average rain accumulation, month with maximum accumulation, and maximum monthly accumulation in 13 yr. October (11 stations), November (19 stations), December (19 stations) and January (8 stations) are the months with maximum accumulation for all 57 locations in Malaysia. Months with maximum accumulation are the worst months associated with the high rainfall rate. Table 3 shows the seasonal accumulation and bias error between TRMM and GPCC for each of the 57 locations. The seasonal bias errors are important and will provide extra information regarding the uncertainty of satellite-based estimation for each station. on the predicted one-minute rain rate, R 0.01 % for Malaysia. The thunderstorm ratio β increases linearly with rainfall rate (R 0.01 % ), hence the linear fit can be use to evaluate rainfall rate for any location in Malaysia if the thunderstorm ratio is available for that location. Figure 7a -d shows the map of the predicted one-minute point rain rate unavailability for 1 to 0.001 % in an average years.
Results and discussion
The rainfall accumulation data (for 13 yr) retrieved from TRMM satellite ( accumulation of 3932.7 mm. Twenty locations out of the 57 stations were found to have an annual rainfall accumulation of > 3000 mm, with the following distribution: 12 out of 44 stations in WM and 8 out 13 locations in EM were found to have an accumulation of > 3000 mm. Furthermore, the satellite revealed that the maximum monthly accumulation (and the year of occurrence) in 13 yr was between 325.6 and 1528.7 mm. It was also revealed that they occurred between October and December in WM, and between December and January in EM. Table 2 shows 7 locations in WM with monthly accumulation > 1000 mm, namely, Kota Bharu, Kuala Krai, Kuala Trengganu, Kuala Trengganu/Cli, Muadzam Shah, and Kuantan; a high rainfall rate is likely to occur between November and December. Figure 7a -d presents the results of the estimated rain rate exceedance from 0.001 to 1 % in an average year, which is of interest for satellite communication system design. It can be observed from the map that a higher rainfall rate occurred in EM than WM. In WM, for 44 stations, the rain rate was found to be between 81.8 and 143.8 mm h −1 , while for 13 stations in EM, the rain rate was observed to be between 84.7 and 153.9 mm h −1 for 0.01 % exceedance. For exceedances of 0.001, 0.1, and 1 %, the values were 140.0-218.0, 33.6-77.0, and 5.2-9 mm h −1 , respectively, for all the 57 locations. Figure 6 presents the cumulative distribution of the rainfall rate for the twelve selected stations. Figure 8 shows the comparison of this present work with other available results for Malaysia, such as ITU-RP SG3 database (2009) and the results obtained by Chebil and Rahman (1999) , which only covered WM. However, the method and the data used to estimate the one-minute point rain rate in this present work make a direct comparison very difficult. The present work is based on TRMM satellite data, while the work of Moupfouma et al. (1990) and Yusof et al. (1990) is based on ground data at a few locations, extrapolated and gridded for other surrounding locations. The present work agrees well with the work carried out by Chebil and Rahman (1999) , with a correlation coefficient of 0.7, rather than the ITU-RP SG3 database (2009) correlation coefficient of 0.01. In this work, for 0.01 % exceedance, R 0.01 was from 82 to 154 mm h −1 , lowest in WM and highest in EM. Chebil and Rahman (1999) found that R 0.01 was from 119 to 144 mm h −1 in WM. For the ITU-RP SG3 database, the R 0.01 was from 87 to 101 mm h −1 , lowest in WM and highest in EM. This present work is the only work that has covered both WM and EM using satellite data validated with ground data. Overall, the correlation coefficient of this work with ITU-RP SG3 is very poor, while the present results agree well with the study carried out by Chebil and Rahman (1999) .
Summary and conclusions
This work presents new point rain rate data derived from TRMM satellite rainfall data for microwave system design in WM and EM. This was validated with different ground data sources from NOAA, GPCC, and NASA. Building on previous studies in the region, a model has been used that gives the best prediction accuracy of one-minute rainfall rate cumulative distribution functions for any location for which the measured data are not available. Monthly accumulation, annual rainfall accumulation, and thunderstorm ratio have been retrieved from TRMM 3B43 and 3A12 (1998-2010) , and have been used to estimate one-minute rain rate statistics for 57 locations in the Malaysian region for 0.001-1 % of the time. The results show that the present work agrees well with the previous work carried out by Chebil and Rahman (1999) , while the ITU-R SG3 database (2009) prediction for R 0.01 is found to be valid for limited areas in Malaysia and underestimates the remaining regions. Another interesting result is the new set of thunderstorm ratio (for Malaysia) derived from the TRMM satellite, which is one of the input parameters required by most of the models converting the annual rainfall accumulation to one-minute rain rate for use in the design of both terrestrial and earth-space satellite microwave radio communication.
